Nitric oxide (NO) derived from the activity of neuronal nitric oxide synthase (NOS1) is involved in S-nitrosylation of key sarcoplasmic reticulum (SR) Ca 2+ handling proteins. Deficient S-nitrosylation of the cardiac ryanodine receptor (RyR2) has a variable effect on SR Ca 2+ leak/sparks in isolated myocytes, likely dependent on the underlying physiological state. It remains unknown, however, whether such molecular aberrancies are causally related to arrhythmogenesis in the intact heart. Here we show in the intact heart, reduced NOS1 activity increased Ca 2+ -mediated ventricular arrhythmias only in the setting of elevated myocardial [Ca 2+ ] i . These arrhythmias arose from increased spontaneous SR Ca 2+ release, resulting from a combination of decreased RyR2 S-nitrosylation (RyR2-SNO) and increased RyR2 oxidation (RyR-SOx) (i.e., increased reactive oxygen species (ROS) from xanthine oxidoreductase activity) and could be suppressed with xanthine oxidoreductase (XOR) inhibition (i.e., allopurinol) or nitric oxide donors (i.e., S-nitrosoglutathione, GSNO). Surprisingly, we found evidence of NOS1 down-regulation of RyR2 phosphorylation at the Ca 2+ /calmodulin-dependent protein kinase (CaMKII) site (S2814), suggesting molecular cross-talk between nitrosylation and phosphorylation of RyR2. Finally, we show that nitroso-redox imbalance due to decreased NOS1 activity sensitizes RyR2 to a severe arrhythmic phenotype by oxidative stress. Our findings suggest that nitroso-redox imbalance is an important mechanism of ventricular arrhythmias in the intact heart under disease conditions (i.e., elevated [Ca 2+ ] i and oxidative stress), and that therapies restoring nitroso-redox balance in the heart could prevent sudden arrhythmic death. N itric oxide (NO) is an important regulator of cardiac function via both the activation of cyclic guanosine monophosphatedependent signaling pathways and direct posttranslational modification of protein thiols (S-nitrosylation) (1). NO derived from the activity of neuronal nitric oxide synthase (NOS1) is involved in S-nitrosylation of key sarcoplasmic reticulum (SR) Ca 2+ handling proteins (2). In particular, nitrosylation of both skeletal and cardiac muscle ryanodine receptors (RyR1 and RyR2, respectively) alters their release properties, favoring activation (3, 4). Notably, an increase in RyR2 open probability can cause spontaneous SR Ca 2+ release, which may cause arrhythmias. Recently, it was shown that decreased RyR2 S-nitrosylation (RyR2-SNO) through loss of NOS1, was associated with increased spontaneous SR Ca 2+ release events in isolated cardiomyocytes, following rapid pacing (5). In a separate study, NOS1 deficiency was shown to decrease spontaneous SR Ca 2+ sparks and the open probability of RyR2 under resting conditions in cardiomyocytes and lipid bilayers, respectively (6). These studies suggest that NOS1 deficiency has a variable effect on RyR2 function, likely dependent on the underlying physiological state (i.e., rapid heart rate versus quiescence). It remains unknown, however, whether these changes create a substrate for arrhythmogenesis in the intact heart.
Nitric oxide (NO) derived from the activity of neuronal nitric oxide synthase (NOS1) is involved in S-nitrosylation of key sarcoplasmic reticulum (SR) Ca 2+ handling proteins. Deficient S-nitrosylation of the cardiac ryanodine receptor (RyR2) has a variable effect on SR Ca 2+ leak/sparks in isolated myocytes, likely dependent on the underlying physiological state. It remains unknown, however, whether such molecular aberrancies are causally related to arrhythmogenesis in the intact heart. Here we show in the intact heart, reduced NOS1 activity increased Ca 2+ -mediated ventricular arrhythmias only in the setting of elevated myocardial [Ca 2+ ] i . These arrhythmias arose from increased spontaneous SR Ca 2+ release, resulting from a combination of decreased RyR2 S-nitrosylation (RyR2-SNO) and increased RyR2 oxidation (RyR-SOx) (i.e., increased reactive oxygen species (ROS) from xanthine oxidoreductase activity) and could be suppressed with xanthine oxidoreductase (XOR) inhibition (i.e., allopurinol) or nitric oxide donors (i.e., S-nitrosoglutathione, GSNO) . Surprisingly, we found evidence of NOS1 down-regulation of RyR2 phosphorylation at the Ca 2+ /calmodulin-dependent protein kinase (CaMKII) site (S2814), suggesting molecular cross-talk between nitrosylation and phosphorylation of RyR2. Finally, we show that nitroso-redox imbalance due to decreased NOS1 activity sensitizes RyR2 to a severe arrhythmic phenotype by oxidative stress. Our findings suggest that nitroso-redox imbalance is an important mechanism of ventricular arrhythmias in the intact heart under disease conditions (i.e., elevated [Ca 2+ ] i and oxidative stress), and that therapies restoring nitroso-redox balance in the heart could prevent sudden arrhythmic death. N itric oxide (NO) is an important regulator of cardiac function via both the activation of cyclic guanosine monophosphatedependent signaling pathways and direct posttranslational modification of protein thiols (S-nitrosylation) (1) . NO derived from the activity of neuronal nitric oxide synthase (NOS1) is involved in S-nitrosylation of key sarcoplasmic reticulum (SR) Ca 2+ handling proteins (2) . In particular, nitrosylation of both skeletal and cardiac muscle ryanodine receptors (RyR1 and RyR2, respectively) alters their release properties, favoring activation (3, 4) . Notably, an increase in RyR2 open probability can cause spontaneous SR Ca 2+ release, which may cause arrhythmias. Recently, it was shown that decreased RyR2 S-nitrosylation (RyR2-SNO) through loss of NOS1, was associated with increased spontaneous SR Ca 2+ release events in isolated cardiomyocytes, following rapid pacing (5) . In a separate study, NOS1 deficiency was shown to decrease spontaneous SR Ca 2+ sparks and the open probability of RyR2 under resting conditions in cardiomyocytes and lipid bilayers, respectively (6) . These studies suggest that NOS1 deficiency has a variable effect on RyR2 function, likely dependent on the underlying physiological state (i.e., rapid heart rate versus quiescence). It remains unknown, however, whether these changes create a substrate for arrhythmogenesis in the intact heart.
It is increasingly evident that activities of nitric oxide and reactive oxygen species (ROS) are tightly coupled in cardiomyocytes producing nitroso-redox balance. Elevated ROS production (oxidative stress) is a hallmark of several cardiovascular diseases associated with increased risk of fatal ventricular arrhythmias [e.g., myocardial infarction (MI) and heart failure]. Burger et al. (7) recently demonstrated an increased incidence of ventricular arrhythmias following MI in NOS1-deficient mice. These data suggest that a nitroso-redox imbalance may be arrhythmogenic in the setting of MI. However, the molecular basis of the increased arrhythmogenesis is not known.
In the current study, we found that decreased NOS1 activity increased Ca 2+ -mediated ventricular arrhythmias only in the setting of elevated myocardial [Ca 2+ ] i . These arrhythmias arose from increased spontaneous SR Ca 2+ release resulting from a combination of decreased RyR2-SNO and increased RyR2 oxidation (RyR2-SOx) [i.e., increased ROS from xanthine oxidoreductase (XOR) activity] and could be suppressed with xanthine oxidoreductase inhibition (i.e., allopurinol) or nitric oxide donors (i.e., GSNO). Notably, we found evidence of NOS1 regulation of RyR2 phosphorylation at the Ca 2+ /calmodulin-dependent protein kinase (CaMKII) site (S2814), suggesting molecular crosstalk between the nitrosylation and phosphorylation states of RyR2. Finally, we show that nitroso-redox imbalance due to decreased NOS1 activity sensitizes RyR2 to a severe arrhythmic phenotype under oxidative stress.
Results
Effect of NOS1 Inhibition in the Intact Heart on Susceptibility to Ventricular Arrhythmia. In the intact heart, ventricular arrhythmias were seen following NOS1 inhibition only in the presence of elevated [Ca 2+ ] i . Fig. 1A shows an example of ECG and intracellular Ca 2+ transient recordings from the intact heart under elevated [Ca 2+ ] i conditions in the absence (Fig. 1A Upper) and presence (Fig. 1A Lower) of NOS1 inhibition with S-methyl-Lthiocitrulline (SMTC). Following a halt in pacing (S1 − S1 = 190 ms) under control conditions (without NOS1 inhibition) there is a spontaneous (nonelectrically driven) multicellular calcium release (mSCR) event that was not sufficient to produce an ectopic (unstimulated) ventricular beat or arrhythmia (more than three ectopic beats). In contrast, in a heart treated with NOS1 inhibitor, multiple mSCRs (see arrows) developed that were associated with multiple ectopic beats (i.e., ventricular arrhythmia). Summary data confirm that NOS1 inhibition increased susceptibility to pacing-induced ventricular arrhythmias over a broad range of pacing rates, P < 0.01 (Fig. 1B) . However, this increased arrhythmia susceptibility following NOS1 inhibition was only evident under elevated (n = 5) [ -mediated triggered activity in intact heart preparations (8, 9) . Therefore, to determine whether the arrhythmias we observed are due to mSCR activity following NOS1 inhibition under elevated [Ca 2+ ] i conditions, we compared the origin of consecutive ectopic beats with the location of maximum mSCR slope. Fig. 2A , upper shows an example of a ventricular arrhythmia following NOS1 inhibition under elevated [Ca 2+ ] i conditions. Shown are ECG and Ca 2+ recordings from sites of earliest (red trace) and latest (black trace) activation. After pacing was terminated, the mSCR slope (dashed line) preceding the ectopic ventricular beats V1, V2, and V4 is greater at the earliest activated site compared with the latest activated site. Also, for the first beat (V1) the mSCR slope is greater and the preceding diastolic interval (DI) is shorter compared with that for subsequent beats. Contour maps of activation and mSCR slopes for V1-V4 are shown ( Fig. 2A, lower) . In every beat except V2, the region of earliest activation (red asterisk) corresponds exactly to the region where the mSCR slope is greatest. V2 originated outside the mapping field and may have been a reentrant beat. Importantly, because the endocardium was ablated, the site of earliest activity could not have occurred below the mapping field or from Purkinje fibers. Thus, the earliest site of activation shown is likely the site where the ectopic beat originated.
These findings were consistent across all preparations that developed ventricular arrhythmias. Additionally, NOS1 inhibition did not prolong baseline QT interval compared with control (217 ± 6 ms and 218 ± 6 ms, respectively; P = 0.9), suggesting that ectopy was not the result of early afterdepolarization. Thus, these data suggest that ventricular arrhythmias measured in the intact heart during NOS1 inhibition are Ca 2+ -mediated triggered arrhythmias. ] i conditions in the absence (Upper) and presence (Lower) of NOS1 inhibition. Following a halt in pacing (S1 − S1 = 190 ms) without NOS1 inhibition (control) there is an mSCR that was not sufficient to produce an ectopic (unstimulated) ventricular beat or arrhythmia (more than three ectopic beats). In contrast, in a heart treated with NOS1 inhibition, multiple mSCRs (see arrows) developed that were associated with multiple ectopic beats (i.e., ventricular arrhythmia). ] i , mSCR amplitude increased and mSCR onset was faster (i.e., increased slope; decreased time to peak) compared with control hearts. *P < 0.05 compared with control.
NOS1 Inhibition Increases Spontaneous Sarcoplasmic Reticulum Ca

2+
Release and Peak L-type Ca 2+ . Fig. 2B shows a representative example of mSCR activity measured in the intact heart following a period of constant pacing, under elevated [Ca 2+ ] i conditions with and without NOS1 inhibition. As shown, NOS1 inhibition increased mSCR amplitude and slope and decreased the time to mSCR peak compared with control (i.e., without NOS1 inhibition). Summary data (Fig. 2B) show that following NOS1 inhibition mSCR amplitude increased (P < 0.05) and mSCR onset was faster (i.e., increased slope and decreased time to peak, P < 0.05) compared with control hearts (n = 5) under both normal (n = 4) and elevated (n = 5) [Ca 2+ ] i conditions. The combination of NOS1 inhibition and elevated [Ca 2+ ] i were additive in their effect on mSCR activity compared with either in isolation. The addition of ryanodine in a subset of control experiments eradicated the development of mSCRs, confirming that mSCRs are Ca 2+ release events from the SR, as shown previously (9) . Moreover, these data show that NOS1 inhibition with or without elevated [Ca 2+ ] i increase mSCR activity. However, the combination of NOS1 inhibition and elevated [Ca 2+ ] i appears to be necessary for the development of ventricular arrhythmias in the intact heart (Fig. 1B) .
Consistent with previous reports in isolated myocytes from the mouse (5), we found that inhibition of NOS1 in isolated guinea pig cardiomyocytes resulted in frequent spontaneous Ca 2+ transients and aftercontractions (100% of myocytes). In contrast, spontaneous Ca 2+ transients and aftercontractions were seen significantly less in control myocytes (22% of myocytes, P < 0.01). Moreover, inhibition of NOS1 increased peak L-type Ca 2+ current (ICa L ) in isolated myocytes compared with control (−9.13 pA/pF vs. −5.92 pA/pF, respectively; P < 0.05). In total, these data are consistent with previous findings in the mouse, demonstrating that loss of NOS1 produces spontaneous RyR Ca Altered RyR2 Nitroso-Redox Balance Increases Arrhythmogenesis During NOS1 Inhibition. Inhibition of NOS1 can increase reactive oxygen species (ROS), which may significantly disrupt nitrosoredox balance of key SR Ca 2+ cycling proteins (e.g., RyR2). Whole heart ROS was assayed as a marker of oxidative stress and shown to increase during NOS1 inhibition compared with control ( Fig. 3A , P < 0.05). Importantly, treatment with the xanthine oxidoreductase (XOR) inhibitor allopurinol reversed the ROS increase during NOS1 inhibition (Fig. 3A , P < 0.05) suggesting that NOS1 inhibition increases XOR-derived superoxide and hydrogen peroxide. At the RyR2 level, NOS1 inhibition resulted in significant nitroso-redox imbalance, as evidenced by decreased RyR2-SNO [SNO-resin-assisted capture (RAC) method] as well as total RyR2 thiol content. Collectively these data indicate that increased RyR2-SOx (i.e., decreased RyR2 thiol content) is secondary to increased XOR-derived ROS and loss of NOS1-derived NO (Fig. 3B, P < 0.05) .
The mechanistic role of decreased RyR2-SNO and increased RyR2-SOx in arrhythmias was further assessed in both isolated cardiomyocytes and the intact heart. Treatment with either allopurinol (XOR inhibition) or GSNO during NOS1 inhibition suppressed spontaneous aftercontractions in isolated myocytes compared with NOS1 inhibition alone (Fig. 4A and Fig. S1 , P < 0.05). Consistent with this finding, treatment with allopurinol during NOS1 inhibition in the intact heart decreased both mSCR activity and the incidence of ventricular arrhythmias compared with NOS1 inhibition alone (Fig. 4B, P < 0.01) . Notably, treatment with either allopurinol (Fig. 3B) or GSNO (Fig. 5A) during NOS1 inhibition increased the number of RyR2-free thiols, an indication of diminished RyR2-SOx. Also, allopurinol treatment in the absence of NOS1 inhibition increased the number of RyR2-free thiols compared with control (35.8 ± 1.7 vs. 31.5 ± 1.4, respectively; P < 0.01). Moreover, RyR2-SNO was increased by GSNO (Fig. 5A ) treatment during NOS1 inhibition. In contrast, RyR2-SNO was not significantly increased by allopurinol treatment during NOS1 inhibition compared with NOS1 inhibition alone (Fig. 3B) . Taken together, these data indicate that oxidation and nitrosylation are antipathetic, but the effects of NO to prevent oxidation cannot be explained solely by direct competition for RyR thiols. One interpretation of these data are that the effects of NO are mediated partly through XOR inhibition (10) . Thus, rather than nitrosylation and oxidation directly antagonizing each other (e.g., competing for the same sites), the decrease in nitrosylation and concomitant increase in oxidation is mediated by XOR, which increases ROS production when local NO is decreased (via NOS1 inhibition).
Notably, treatment with NOS1 inhibitor + allopurinol (which reduced mSCR activity and arrhythmogenesis) did not reduce ICa L elevation caused by NOS1 inhibition. This suggests that the increased ICa L is not a major mechanism for increasing arrhythmias during NOS1 inhibition. Previously, it has been shown that NOS1 deficiency does not alter PKA-mediated RyR phosphorylation (5). However, in this study, we found that CaMKII-mediated Fig. 3 . Combination of decreased S-nitrosylation and increased oxidation of RyR2 as molecular mechanisms of ventricular arrhythmias with NOS1 inhibition (SMTC). (A) Whole heart optical imaging of reactive oxygen species (ROS) showed an increase in ROS during NOS1 inhibition (red line; n = 4) compared with control (black line; n = 4). Moreover, treatment with the xanthine oxidoreductase inhibitor, allopurinol during NOS1 inhibition (n = 4) decreased ROS production. (B) Mean data showed that NOS1 inhibition (n = 6) decreased RyR2-SNO and the number of RyR2-free thiols (indicating increased RyR2 oxidation) compared with control hearts (n = 6). Addition of allopurinol during NOS1 inhibition (n = 6) prevented RyR2 oxidation (RyR2-SOx) but did not significantly increase RyR2-SNO. *P < 0.05 compared with control. **P = 0.09 compared with control.
RyR2 phosphorylation was decreased by NOS1 inhibition compared with control (P < 0.05, Fig. 5B ).
Collectively these data support the idea that both decreased RyR2-SNO and (resultant) increased RyR2-SOx contribute to create nitroso-redox imbalance, which is sufficient to increase mSCR activity and ventricular arrhythmias during NOS1 inhibition.
Severe Ventricular Arrhythmias Following Combined NOS1 Inhibition and Oxidative Stress. To further illustrate the importance of nitroso-redox imbalance in cardiac arrhythmogenesis and particularly, the synergistic effect of SNO-deficiency and increased oxidation, we investigated the effects of exogenous H 2 O 2 in the intact heart with and without NOS1 inhibition. Fig. 6A shows representative examples of mSCR activity following NOS1 inhibition, H 2 O 2 and combined NOS1 inhibition + H 2 O 2 . Both NOS1 inhibition and H 2 O 2 increased mSCR amplitude, and decreased mSCR time to peak compared with control. Notably, the combination of NOS1 inhibition + H 2 O 2 produced an additive increase in mSCR amplitude and decrease in mSCR time to peak compared with NOS1 inhibition and H 2 O 2 alone. Importantly, this increased mSCR activity resulted in a more severe, sustained, arrhythmia phenotype. Specifically, NOS1 inhibition + H 2 O 2 produced ∼150% increase in the frequency of sustained (>5 s) ventricular arrhythmias compared with NOS1 inhibition or H 2 O 2 alone (Fig. 6B , P < 0.01). We postulated that combined NOS1 inhibition + H 2 O 2 would produce a greater RyR2 nitroso-redox imbalance (i.e., less free thiols) than either NOS1 inhibition or H 2 O 2 alone (Fig. 7 ). Both NOS1 inhibition and H 2 O 2 alone decreased RyR2-SNO and increased RyR2-SOx. However, there was no difference in RyR2-SNO and RyR2-SOx following combined NOS1 inhibition + H 2 O 2 compared with NOS1 inhibition or H 2 O 2 alone (Fig. 7) . Thus, the additive increase in ventricular arrhythmias following combined NOS1 inhibition + H 2 O 2 may not be solely due to further changes in RyR2 nitroso-redox status. For example, both NOS1 inhibition and H 2 O 2 increased ICa L, and their combination resulted in a near additive increase in ICa L (P = 0.09) compared with either alone. These data suggest that in the presence of increased RyR2 P o (secondary to altered RyR2 nitroso-redox), a further increase in ICa L caused by exogenous H 2 O 2 creates a potent substrate for arrhythmias.
Discussion
Our studies establish that diminished NOS1 activity may cause arrhythmia in the intact heart. In particular, we demonstrate that NOS1 inhibition in the intact heart increases susceptibility to Ca 2+ -mediated triggered arrhythmias only in presence of elevated myocardial [Ca 2+ ] i . These arrhythmias arise from increased mSCR activity (i.e., multicellular spontaneous SR Ca 2+ release events) due to a combination of decreased RyR2 S-nitrosylation and increased RyR2 S-oxidation. Restoration of nitroso-redox balance by inhibition of xanthine oxidoreductase (allopurinol) or increasing NO bioavailability (GSNO) reversed the arrhythmogenic phenotype. We also provide evidence for NOS1 regulation of RyR2 phosphorylation at the CaMKII site (S2814), suggesting molecular cross-talk between the nitrosylation, oxidation, and phosphorylation states of RyR2. Finally, oxidative stress (as in ischemic heart disease) may predispose to a strikingly severe arrhythmic phenotype in the absence of NOS1-derived NO.
Effect of NOS1 Inhibition on Ca 2+ -Mediated Arrhythmias. In the present study we demonstrate that NOS1 inhibition alone increases triggered arrhythmias but only in the presence of elevated [Ca 2+ ] i . The cellular mechanisms underlying these ventricular arrhythmias are primarily from spontaneous calcium release (i.e., mSCR) that appears to be caused by a primary alteration in RyR2 function. Also, we found that the site of earliest activation of an ectopic beat occurred in the region with the steepest slope of mSCR activity, further suggesting a Ca 2+ -mediated triggered arrhythmia. This is consistent with previous research from our laboratory, demonstrating that the rate of mSCR rise (i.e., slope) is an important determinant of Ca 2+ -mediated triggered activity in heart preparations (8) . Moreover, we found that increased ICa L is not a required mechanism for spontaneous calcium release during NOS1 inhibition, further supporting a primary role of altered RyR2 function. These findings extend the observations of Gonzalez et al. (5) . in isolated myocytes to the realm of system physiology and disease. Gonzalez showed that deletion of NOS1 increased SR Ca 2+ leak and diastolic Ca 2+ waves. Our data establish in the intact heart that NOS1-mediated alterations in RyR2 function are not sufficient to produce arrhythmias. For arrhythmias to develop with NOS1 inhibition, elevated myocardial [Ca 2+ ] (a characteristic of disease) is necessary. These data highlight that the mere presence of spontaneous SR Ca 2+ release events in a cardiomyocyte does not necessarily translate into a triggered beat or arrhythmia in coupled myocardium and provide unique insight into the basis of arrhythmias in disease.
Molecular Mechanisms Driving Ca
2+
-Mediated Arrhythmogenesis with NOS1 Inhibition. The molecular mechanisms regulating spontaneous calcium release in the intact heart are complex. Posttranslational modifications of RyR2 by S-nitrosylation and/or S-oxidation have been shown to affect SR Ca 2+ leak and sparks in cardiomyocytes (5, 11) . In the current study we demonstrate that the combination of reduced RyR2-SNO and increased RyR2-SOx increase spontaneous calcium release and ventricular arrhythmias in the intact heart. Importantly, these arrhythmias could be reversed with the xanthine oxidoreductase inhibitor allopurinol or the NO donor GSNO.
These data are consistent with a model in which RyR2-SNO regulates RyR2-SOx, and where SR nitroso-redox imbalance underlies arrhythmogenesis. However, it is possible that other mechanisms are involved in NO-deficiency-mediated arrhythmogenesis.
Notably, we demonstrated that NOS1 inhibition also increased ICa L and decreased RyR2 phosphorylation at the CaMKII binding site (S2814). ICa L is not primarily responsible for increasing arrhythmia because allopurinol suppressed arrhythmia without decreasing ICa L , and despite the importance of CaMKII signaling in abnormal Ca 2+ cycling (12) , the significance of decreased phosphorylation is unclear. Recently, Respress et al. (13) showed a reduction in RyR2-P 2814 in mice with ischemic cardiomyopathy, a condition known to have increased RyR2 Ca 2+ leak. However, S2814 mutant mice did not show increased RyR2 Ca 2+ leak. Our findings provide unique evidence that NOS1 is involved in the regulation of RyR2-P 2814 and suggest cross-talk between the nitrosylation and phosphorylation states of proteins (i.e., RyR2). This suggests an additional level of signaling complexity in posttranslational regulation of RyR2.
The mechanisms responsible for reduced RyR2-P 2814 during NOS1 inhibition are likely complex. It could be postulated that either alone or in combination decreased RyR2-SNO or increased RyR2-SOx produces a conformational change in RyR2, such that the S2814 phosphorylation site is less available for phosphorylation. Alternatively, it has been shown that S-nitrosylation of phosphatases can inhibit their activity (14) . Thus, it is possible that NOS1 inhibition decreases S-nitrosylation of a key protein phosphatase (e.g., PP2A); in turn reducing RyR2 phosphorylation at the CaMKII site (S2814).
Importantly, our findings may explain differences between Gonzalez et al. (5) (Lower) Mean data showed that both NOS1 inhibition (n = 6) and H 2 O 2 (n = 6) alone decreased RyR2-SNO and decreased RyR2-free thiols (i.e., increased RyR2-SOx). Interestingly, there was no difference in RyR2-SNO and RyR2-SOx following combined NOS1 inhibition + H 2 O 2 (n = 6) when compared with NOS1 inhibition or oxidative stress alone. *P < 0.05 compared with control. **P = 0.06 compared with control.^P = 0.08.
Combination of Decreased NOS1 Activity and Oxidative Stress Markedly
Increase Arrhythmogenesis. Oxidative stress associated with disease has been shown to increase the frequency of Ca 2+ sparks, afterdepolarizations, and ventricular arrhythmias. Saraiva et al. (15) reported an increased mortality in NOS1 knockout (KO) mice following MI and Burger et al. (7) reported both an increased mortality and incidence of ventricular arrhythmias post-MI (left anterior descending coronary artery ligation) in NOS1-KO mice. Importantly, many of these arrhythmias occurred within 1 h of spontaneous death. Burger et al. (7) postulated that this increase in arrhythmogenesis was related to increased ICa L as both [Ca 2+ ] I elevation and ventricular arrhythmias were decreased with verapamil. However, they measured ICa L in isolated cardiomyocytes from hearts without MI and did not assess RyR2-SOx or other posttranslational modifications.
To simulate disease we imposed oxidative stress with H 2 O 2 and found that NO deficiency produced a striking increase in mSCRs and ventricular arrhythmias. Interestingly, the present study shows little qualitative difference in RyR2 oxidation state (net RyR2 nitroso-redox state) with the combination of NOS1 inhibition and H 2 O 2 versus either alone. This implies that nitroso-redox imbalance within RyR2 is not solely responsible for the severe arrhythmias we report. Our methods do not exclude the possibility, however, that the populations of thiols oxidized under various conditions may be different. Additionally, NOS1 inhibition and H 2 O 2 showed synergistic effects on ICa L , and it is possible, that this synergistic increase in ICa L may in part explain the increased probability and severity of spontaneous calcium release and arrhythmias.
Clinical Significance. Our findings have important clinical implications as they highlight the role NO derived from NOS1 in the genesis of triggered arrhythmias and identify a potential therapeutic approach (i.e., xanthine oxidoreductase inhibition in combination with NO-based therapy). There is evidence to suggest that obesity, diabetes, and heart failure are all associated with decreased NOS1 activity (16) (17) (18) (19) (20) . Junttila et al. (21) recently reported a markedly increased incidence of sudden arrhythmic death in diabetic patients after MI compared with nondiabetic controls. Diabetic patients with left ventricle ejection fractions (LVEF) >35% had a sudden death rate equal to nondiabetic patients with LVEF <35%. It could be postulated that this increased arrhythmic risk in diabetic patients is secondary to the combined effects of oxidative stress (i.e., ischemic cardiomyopathy) and impaired NOS1 activity (i.e., diabetes). Similarly, there is preliminary evidence that xanthine oxidoreductase inhibition in heart failure patients with elevated uric acid improved clinical outcomes (composite of heart failure morbidity, mortality, and quality of life) (22) . Our findings suggest that therapies targeting the restoration of nitroso-redox balance in the heart could prevent sudden arrhythmic death.
Materials and Methods
Whole Heart Studies. Experiments were performed in accordance with the Institutional Animal Care and Use Committee of Case Western Reserve University. Hearts from guinea pigs were Langendorff perfused with oxygenated (100% O 2 ) Tyrode's solution (pH 7.45, 34°C). Endocardial cryoablations were performed to eliminate the Purkinje fibers and deeper layers of myocardium. Indo-1 AM (10 μM; Invitrogen) was used to measure intracellular Ca 2+ transients from the anterior surface of the heart in the fol- ] i ). Constant pacing for 1 min followed by a halt in pacing was used to elicit mSCR activity and arrhythmias as previously described (9) . In separate hearts, the concentration of ROS in the intact heart was measured by perfusing for 15 min with the ROS-sensitive dye dihydrorhodamine 6G (Invitrogen). For further information, see SI Materials and Methods.
Isolated Myocytes. Myocytes were isolated from guinea pig hearts and sarcomere shortening, intracellular Ca 2+ transients, and the L-type Ca 2+ current
were measured. For further information, see SI Materials and Methods.
Biochemistry. To measure RyR2 S-nitrosylation, SNO-RAC was performed in SR vesicles isolated from guinea pig whole heart homogenate as described previously (23) . Quantification of RyR2-free thiols was also assessed in SR vesicles that were incubated with the fluorescent indicator monobromobimane (MBB) (24) . Finally, RyR2 phosphorylation (RyR2-P S2814 ) was measured in tissue obtained from the left ventricular free wall in control and NOS1-inhibited hearts. For further information, see SI Materials and Methods.
Statistical Analysis. Statistical differences were assessed with ANOVA, Student t test, Kruskal-Wallis test, and χ 2 test as appropriate. When unequal variance was detected, the Wilcoxon rank sum test was used. Results were expressed as mean ± SEM.
